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Alloys of the system Bi-Te obtained by long-term thermal annealing of sam-
ples quenched from 1000 K were studied by differential thermal analysis, x-
ray phase diffraction, and scanning electron microscopy methods, as well as by
electromotive forces measurements (EMF) of concentration cells relative to a
bismuth electrode. A new refined version of the phase diagram which reflects
the compounds Bi2Te3, Bi4Te5, Bi8Te9, BiTe, Bi4Te3, Bi2Te, and Bi7Te3 with
practically constant compositions was constructed. It was found that all of
these compounds, except for Bi2Te3, melt with decomposition by peritectic
reactions. Based on powder diffraction patterns, the types and parameters of
the crystal lattices of these compounds were determined. The EMF mea-
surements were used to determine the partial molar functions of bismuth in
the alloys and the standard integral thermodynamic functions of bismuth
tellurides.

INTRODUCTION

Bismuth tellurides with a tetradymite-like lay-
ered structure have long been at the center of close
attention of researchers as advanced functional
materials. These compounds, especially Bi2Te3,
solid solutions, doped phases, and composites based
on it, have been intensively studied as thermoelec-
tric materials and are used in the manufacture of
portable refrigerators, temperature control devices,
power generation at space stations, etc.1–6 After the
discovery of a new quantum state of matter, a
topological insulator (TI),7,8 it was shown that these
phases also exhibit the properties of TI,9–15 and are
extremely favorable for various applications, includ-
ing spintronics, quantum computers, medicine,
security systems, etc.16–18 Moreover, unique optical
properties make them promising for use in broad-
band optoelectronics as photodetectors and
switches.19–21

In contrast to Bi2Te3, the functional properties of
mixed-layer compounds of the nBi2ÆmBi2Te3 homol-
ogous series have been very poorly studied, which is
apparently due to the difficulty of obtaining high-
quality samples, particularly monocrystals.

The development of methods and optimization of
the conditions for the synthesis of compounds and
the design of materials based on them, especially in
the so-called alloy systems, require reliable data on
phase equilibria and thermodynamic properties of
the corresponding systems.18,22–24

Despite such an increased interest in bismuth
tellurides as the most innovative functional mate-
rials, a reliable description of the phase equilibria of
this system in the Bi-Bi2Te3 region has not yet been
established.

According to the phase diagram presented by
Hansen and Anderko25 which was built based on the
results of many works performed at the beginning of
the twentieth century, the Bi-Te system is charac-
terized by the formation of one intermediate phase
(b) with congruent melting at 858 K and a homo-
geneity region of 52–65 at.% Te. It forms eutectics
with elemental bismuth and tellurium which crys-
tallize at 539 K and 686 K, respectively. In Ref. 26,
these data were basically confirmed and it was
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shown that the homogeneity region of the indicated
phase covers a wider range of compositions of 32–
60 at.% Te (supplementary Fig. S-1a). According to
this diagram, the minerals hedleyite (Bi7Te3),
tsumoite (BiTe), and tellurobismuthite (Bi2Te3)
already known at that time are included in the b-
phase, which was crystallographically incorrect. It
was proved that the Bi2Te3 compound with congru-
ent melting is outside the homogeneity field of the b-
phase and has a narrow (< 1 at %) homogeneity
region, while the b-phase is formed by the peritectic
reaction L + Bi2Te3Mb.27,28

In 1958, Abrikosov and Bankina27 presented the
second version of the phase diagram (supplemen-
tary Fig. S-1b) which was plotted based on DTA
results and microstructural analysis of the long-
term annealed samples. According to this diagram,
in addition to Bi2Te3 with congruent melting, there
are three compounds, namely Bi7Te3, Bi2Te, and
BiTe, formed by peritectic reactions at 585 K,
693 K, and 813 K, respectively. The last two com-
pounds are phases of variable composition with
homogeneity regions of 32.2–36.0 and 45.6–
54.7 at.% Te, respectively.

It should be noted that structural studies realized
by x-ray phase diffraction (XRD) and electrographic
methods demonstrated the existence of a number of
layered compounds of the homologous series nBi2Æm-
Bi2Te3.29–32 The parameters c of the unit cell of
these compounds differed sharply from each other.
Taking into account these data, Okamoto and
Tenner in 1990 proposed a compiled phase diagram
(supplementary Fig. S-1c), in which the composi-
tions of all known and putative (dashed lines)
bismuth tellurides were marked.33 According to
Ref. 34, each member of the indicated homologous
series has an almost constant composition, since the
structural features do not allow the formation of
wide homogeneity ranges on their bases. Thus, they
indirectly give preference to the phase diagram
proposed by Ref. 33 according to which the system
contains compounds of a homologous series with
practically constant compositions. However, this
diagram is far from being perfect, since it does not
indicate the melting (decomposition) temperatures
or the natures of most compounds.

In recent years, several works devoted to the
experimental study and thermodynamic optimiza-
tion of the Bi-Te phase diagram have been pub-
lished.35,36 According to the phase diagram
(supplementary Fig. S-1d) constructed by Mao
et al.35 based on limited experimental data and
optimization by the CALPHAD method, in addition
to the Bi2Te3 compound, there is b-phase with a
homogeneity region of 28–52 at.% Te, which trans-
forms into the compounds Bi2Te (586–616 K) and
Bi4Te3 (693–713 K); as a result of structural order-
ing in narrow temperature ranges. In the work of
Gierlotka,36 a thermodynamic analysis of the phase

diagram of this system in a more perfect CALPHAD
approximation was carried out, and the data of
Ref. 35 were confirmed and refined.

In general, thermodynamic properties of bismuth
tellurides have been very poorly studied. A litera-
ture analysis shows that the data given in modern
thermodynamic handbooks and electronic data-
bases,37–40 as well as in the original works,41–47

refer mainly to the compound Bi2Te3. Only two
papers40,47 provide the data for the BiTe and Bi2Te
compounds.

Considering all the facts mentioned above, we
have undertaken a comprehensive study of phase
equilibria in the Bi-Te system and the thermody-
namic properties of bismuth tellurides. In our
previous work,48,49 the data on solid-phase equilib-
ria in the 50–60 at.% Te composition range were
presented, the existence of Bi2Te3, Bi4Te5, Bi8Te9,
and BiTe compounds with practically constant
composition were shown, and their partial and
integral thermodynamic functions were determined.
This paper presents a refined phase diagram of the
Bi-Te system and the results of the thermodynamic
study of the compounds Bi4Te3, Bi2Te, and Bi7Te3.

EXPERIMENTAL

The alloys of the studied system were synthesized
by fusing high-purity elemental bismuth and tel-
lurium in evacuated (� 10�2 Pa) quartz ampoules.
When developing the synthesis methodology of
samples, we assumed that the bulk samples of
layered phases obtained by the widely used fusion
method do not reach an equilibrium state even after
a long period (2000–3000 h) of thermal anneal-
ing.1,27,34 This is apparently because, unlike con-
ventional bulk samples, van der Waals phases
obtained in non-equilibrium crystallization condi-
tions (i.e., ordinary cooling of the melt) do not
practically undergo any changes during further
thermal treatment due to very low diffusion
between layers.

Taking this into account, to ensure a high disper-
sion of samples, after alloying, some of them (series
I) were quenched by dropping ampoules into ice
water from a liquid state (700 K), followed by multi-
step annealing. At first, alloys with compositions
< 30 at.% Te were annealed at 500 K (1000 h), 32–
48 at.% Te at 570 K (1000 h), 50–60 at.% Te at
770 K (1000 h), and then all samples were kept at
370 K for 20 h. For comparison, a number of alloys
with selective compositions (series II) were synthe-
sized by the traditional fusion method and annealed
under similar conditions.

Studies were carried out by powder x-ray diffrac-
tion (PXRD), differential thermal (DTA), scanning
electron microscopy (SEM), and electromotive forces
(EMF) methods. DTA curves were recorded on a
DSC NETZSCH 404 F1 Pegasus system differential
scanning calorimeter and a multichannel DTA
device based on a TC-08 Thermocouple Data Logger.
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Powder diffractograms of the initial compounds and
intermediate alloys were recorded using Bruker D8
diffractometer with CuKa1 radiation in the range of
2h = 10–70�. The indexing of the PXRD patterns
and the refinement of the lattice parameters were
implemented by the Topas 4.2 software by the Le
Bail method. SEM pictures were taken on a Tescan
Vega 3 SBH scanning electron microscope.

For thermodynamic studies by the EMF method,
the concentration cells of the type

�ð Þ Bi ðsolidÞ ionic liquid þ Bi3þ�
�

�
�Bi � Te ðsolidÞ ðþÞ

ð1Þ

where assembled and their EMF were measured in
the 300–450 K temperature range.

Concentration cells with various liquid and solid
electrolytes are widely used for the thermodynamic
study of binary and complex metal chalco-
genides.50–65 When studying metal sulfides and
selenides, taking into account the low melting point
of elemental sulfur and selenium, it is advisable to
carry out measurements at temperatures below the
solidus of the corresponding system. For this pur-
pose, the most suitable electrolytes were glycerol
solutions of alkali and alkaline earth metals
halides.51,58–61 In our previous work, we have shown
that during such low-temperature measurements,
ionic liquids can also be used as an electrolyte.64,65

In this work, an ionic liquid (morpholine formate) as
an electrolyte was also used. To obtain it, we used
morpholine (CAS No.110-91-8), formic acid (CAS
No. 64-18-6), and anhydrous BiCl3 (CAS No.7787-
60-2) purchased from Alfa Aesar (Germany). The
ionic liquid was obtained according to the method
described.65

Elementary bismuth was used as the left elec-
trode in the cells of type (1), and the alloys of the
series (I) with a composition of 31–48 at.% Te were
used as right electrodes. For each phase region, two
samples with different compositions were prepared.
They served as electrodes in two different cells. The
assembly of electrochemical cells of type (1) and the
technique of EMF measurements are described in
detail in Refs. 64 and 65.

The first equilibrium EMF values were obtained
after keeping the electrochemical cell at �350 K for
40–60 h, followed by every 3–4 h after the estab-
lishment of a certain temperature. The EMF values
were considered equilibrium if they did not differ
from each other upon repeated measurements at a
given temperature by more than 0.2 mV, regardless
of the direction of the temperature change.

RESULTS AND DISCUSSION

Phase Diagram

The results of the investigation of the series I
alloys showed that they are closer to the equilibrium
state than samples of series II. In particular, by
comparing PXRD patterns with the corresponding

literature data, it was found that the samples with
the compositions Bi2Te3, Bi4Te5, Bi8Te9, BiTe,
Bi4Te3, and Bi2Te are single-phase and their diffrac-
tion patterns are identical to those given in the
literature.

The results of XRD analysis of the alloys in the
composition range of 50–60 at.% Te are presented
and discussed in Refs. 48 and 49. The PXRD patterns
of some alloys with high bismuth content are shown
in Figs. 1 and 2. As can be seen in Fig. 1, alloys with
the compositions Bi4Te3 and Bi2Te are single-phase,
while the alloy with the composition of Bi7Te3 has a
slight excess of elemental bismuth and Bi2Te. We
have also defined that the intermediate alloys
between the identified compounds are bi-phasic.
For example, Fig. 2 shows PXRD patterns of the
samples with compositions 32 at.%, 37.5 at.%, and
45 at.% Te, which consist of the two-phase mixtures
Bi7Te3 + Bi2Te, Bi2Te + Bi4Te3, and Bi4Te3 + BiTe,
respectively. Note that the absence of other phases
in these alloys is an additional feature of their
equilibria.

The types and parameters of crystal lattices of
bismuth tellurides (supplementary Table S-I),
which were determined based on analysis of the
diffraction patterns using the Topas 4.2 software
and the Le Bail refinement, were in good agreement
with the literature.4,34,66,67

The results of the SEM analysis were in accor-
dance with the XRD data. As an example, supple-
mentary Fig. S-2 presents the SEM patterns of
alloys of series I with 33.3 at.% and 42.9 at.% Te
contents, corresponding to the stoichiometry of
Bi2Te and Bi4Te3, respectively As can be seen in
the figure, both samples are one-phase and have
layered structures.

The phase diagram of the Bi-Te system in the 0–
60 at.% Te composition range (Fig. 3) was con-
structed based on the DTA and XRD data. This
diagram reflects seven bismuth tellurides, of which
Bi2Te3 melts congruently at 586�C, while the
remaining six compounds melt with decomposition
by peritectic reactions (Table I).

Comparison of Fig. 3 with the previously con-
structed versions of the Bi-Te phase diagram (sup-
plementary Fig. S-1) shows that four compounds
(Bi2Te3, BiTe, Bi2Te, and Bi7Te3) indicated in Ref. 27

were confirmed by us. The peritectic decomposition
temperatures of the last three compounds differ
from the literature data. Moreover, we could not
confirm the existence of the wide homogeneity
regions in BiTe and Bi2Te.

The endothermic effects related to the peritectic
decomposition reactions of all alloys of series I
corresponding to the stoichiometric compositions of
incongruently melting compounds were clearly
recorded on the heating thermograms.

The DTA heating curves of some samples of the
series I are presented in Fig. 4 and series II in the
supplementary Fig. S-3, while the cooling curves
are presented in supplementary Fig. S-4. As can be
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seen in Fig. 4, the heating curves for this series of
alloys are in good agreement with the T-x diagram
in Fig. 3. Five endothermic effects related to the
melting of the bismuth-based eutectic (537 K), the
peritectic decomposition reactions of Bi7Te3 (605 K),
Bi2Te (665 K), Bi4Te3 (709 K), and the end of the
melting (748 K) were observed on the heating
thermogram of the 30-at.% Te composition alloy
(Fig.4a). The presence of a weak endothermic effect

at 537 K indicates the presence of a small amount of
elemental bismuth in the sample, which is in
agreement with the XRD data (Fig. 1). The DTA
heating curve of an alloy with a composition of
40 at.% Te (two-phase region Bi2Te + Bi4Te3) has
three endo effects, reflecting the peritectic decom-
position reactions of these compounds and the
completion of melting (Fig. 4b). Heating thermo-
grams corresponding to the Bi4Te3, BiTe, Bi8Te9,

Fig. 1. The powder diffraction pattern of Bi4Te3, Bi2Te, and Bi7Te3 alloys.
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and Bi4Te5 compounds clearly reflect the peritectic
reactions of their decomposition (708 K, 815 K,
823 K, and 835 K) and the completion of melting
(Fig. 4c, d, e and f).

The DTA heating curves of samples of series II
differed significantly from those for samples of
series I. As can be seen in supplementary Fig. S-3,
on the thermograms of the samples with the 30 at.%
and 40 at.% Te compositions, there are a series of

diffuse endothermic effects in the 538–748 K and
648 the 798 K temperature ranges, and, for an alloy
of 50 at.% Te, there is one diffuse endothermic
effect. The data of these thermograms are in better
agreement with the phase diagrams presented in
Refs. 27 and 35 (supplementary Fig. S-1b, d). In
particular, the general contours of these curves are
close to the data,35 which is interpreted by the
authors as the ordering of b-solid solution in narrow

Fig. 2. The powder diffraction pattern of samples of series I with 32 at.%, 37.5 at.% and 45 at.% Te compositions.
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temperature ranges with the formation of Bi2Te and
Bi4Te3 compounds.

Valuable information on the nature of the ther-
mal effects on the DTA heating curves (Fig. 4) is
provided by their comparison with cooling thermo-
grams. Analysis of the cooling curves (supplemen-
tary Fig. S-4) shows that they are identical for the
alloys of both series, and are in better agreement
with the heating curves of the samples of series II.
For example, a comparison of the cooling curve of
the 30-at.% Te sample (supplementary Fig. S-4a)
with the phase diagram (Fig. 3) shows that the first

exothermic effect (746 K) corresponds to the onset of
crystallization, and the subsequent ones correspond
to the peritectic reactions of the formation of Bi4Te3

(706 K), Bi2Te (667 K), and the crystallization of the
eutectic (536 K). It is interesting that, on the cooling
curve of this sample, there are no thermal effects in
the temperature range of 583–608 K, recorded on
the heating thermograms of the corresponding
samples of both series of alloys. It should also be
noted that the cooling curve of an alloy of 50-at.% Te
composition (supplementary Fig. S-4,c) practically
coincides with the heating thermogram of an alloy

Fig.3. Phase diagram of the Bi-Te system.

Table I. Nonvariant equilibria in the Bi-Bi0.4Te0.6 system.

Point in Fig. 3 Equilibria T (K) Composition (mol % Te)

P1 L + Bi2Te3 M Bi4Te5 835 52
P2 L + Bi4Te5 M Bi8Te9 823 50
P3 L + Bi8Te9 M BiTe 815 45
P4 L + BiTe M Bi4Te3 708 23
P5 L + Bi4Te3 M Bi2Te 665 16
P6 L + Bi2Te M Bi7Te3 605 10
E L M Bi + Bi7Te3 537 2.5
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Fig.4. DTA heating curves of some samples of series I.
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of the same composition from series II (supplemen-
tary Fig. S-3,c).

Thus, a comparison of Fig. 4 with supplementary
Figs. S-3 and S-4 shows that the data presented in
Fig. 4 are close to equilibrium, and the next two
reflect non-equilibrium states and processes. Ther-
mal effects on the cooling curves reflect the series of
peritectic formation reactions of the compounds
indicated in the phase diagram (Fig. 3). When the
melts are cooled, these reactions do not proceed
completely and turn into other lower-temperature
reactions, including absence from the equilibrium
diagram. The closeness of the character of these
curves with the heating curves of samples of series
II shows that, despite prolonged annealing, they do
not reflect an equilibrium state. This confirms the
data of Refs. 1, 27 and 34 on the inefficiency of
thermal treatment of alloys of the Bi-Te system.

In summary, 8 out of 15 compounds indicated on
the complicated phase diagram33 have not been
confirmed in this work.

Thermodynamic Properties

EMF measurements of cells of type (1) were in
accordance with the phase diagram. They had
constant values at a given temperature regions on
the T-x diagram (Fig. 3), and had linear depen-
dences on temperature (supplementary Fig. S-5).
This allows using them for thermodynamic
calculations.

The experimental data obtained for alloys in the
31–48 at.% Te compositions range were processed
using the Microsoft Office Excel 2003 computer
program by the least-squares method. The linear
equations obtained are given in Table II in the form
recommended in Refs. 51 and 52

E ¼ aþ bT � t
d2
E

n
þ d2

bðT � TÞ2

" #1=2

ð2Þ

In Eq. 2, a and b are coefficients, n is the number

of pairs of E and T values, T is the average
temperature in K, t Student’s t test, and T the

temperature in K. d2
E and d2

b are dispersions of
individual EMF values and the constant b. Consid-
ering the number of experimental points is n = 30,
at a confidence level of 95%, the Student’s test is
t £ 2.

From the equations (Table II) using thermody-
namic relationships51

DGBi ¼ �zFE ð3Þ

DSBi ¼ zF
@E

@T

� �

P

¼ zFb ð4Þ

DHBi ¼ �zF E� T
@E

@T

� �

P

� �

¼ �zFa ð5Þ

the partial molar Gibbs free energy, enthalpy, and
entropy of bismuth in alloys were calculated
(Table III).

These partial molar quantities are thermody-
namic functions of the following potential formation
reactions (the state of substances is crystalline):51,52

Bi þ 3BiTe ¼ Bi4Te3 ð6Þ

Bi þ 0:5Bi4Te3 ¼ 1:5Bi2Te ð7Þ

Bi þ 3Bi2Te ¼ Bi7Te3 ð8Þ

From Eqs. 6, 7, and 8 according to the
expressions:

Df Z
0ðBi4Te3Þ ¼ DZBi þ 3Df Z

0ðBiTeÞ ð9Þ

Df Z
0ðBi2TeÞ ¼ 2

3
DZBi þ

1

3
Df Z

0ðBi4Te3Þ ð10Þ

Df Z
0ðBi7Te3Þ ¼ DZBi þ 3Df Z

0ðBi2TeÞ ð11Þ

the standard Gibbs free energy and the enthalpy of
formation were calculated while using
relationships:

S0 ðBi4Te3Þ ¼ DSBi þ S0ðBiÞ þ 3S0ðBiTeÞ ð12Þ

S0ðBi2TeÞ ¼ 2

3
DSBi þ

2

3
S0ðBiÞ þ 1

3
S0ðBi4Te3Þ ð13Þ

S0 ðBi7Te3Þ ¼ DSBi þ S0ðBiÞ þ 3S0ðBi2TeÞ ð14Þ

Table II. Temperature dependencies of the EMF of the cells type (1) for alloys of the Bi-Te system in the 300–
450 K temperature range.

Phase area E;mV ¼ aþ bT � t � SEðTÞ

Bi4Te3-BiTe
43:41 þ 0:0290T � 2 0:27

30 þ 4:5 � 10�6ðT � 376:38Þ2
h i1=2

Bi2Te-Bi4Te3 30:39 þ 0:0358T � 2 0:22
30 þ 3:7 � 10�6ðT � 376:38Þ2

h i1=2

Bi7Te3-Bi2Te
10:71 þ 0:0627T � 2 0:21

30 þ 3:4 � 10�6ðT � 376:38Þ2
h i1=2
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the standard entropies of bismuth tellurides were
determined. The data obtained are shown in Table -
IV. In the calculations, we used the data of 37 on the
standard entropy of bismuth
(56.7 ± 0.5 J mol�1 K�1) and tellurium
(49.50 ± 0.21 J mol�1 K�1), as well as the standard
integral thermodynamic functions of BiTe.49. Errors
were determined by the error accumulation method.

In addition to the results of the present study, our
data for other bismuth tellurides are given in
Table IV. 48,49 A detailed comparative analysis of
our data with references for the Bi2Te3 and BiTe
compounds is given in Refs. 48 and 49. It can be seen
from Table IV that our data on the enthalpy of
formation of Bi2Te are slightly higher than the
value given in Ref. 40.

CONCLUSION

We have presented a new set of mutually consis-
tent data on phase equilibria and thermodynamic
properties of the Bi-Te system, obtained by DTA,
XRD, SEM, and EMF methods. The constructed
phase diagram reflects the Bi2Te3, Bi4Te5, Bi8Te9,
BiTe, Bi4Te3, Bi2Te, and Bi7Te3 compounds with
almost constant compositions. It was found that
Bi2Te3 melts congruently at 859 K, and the rest
melt with peritectic reactions at 835, 823, 815, 708,
665, and 605 K, respectively. Based on PXRD
patterns, the types and parameters of the crystal
lattices of these compounds were determined. The
partial Gibbs free energy, enthalpy, and entropy of
bismuth in alloys, standard integral

thermodynamic functions of formation, and stan-
dard entropies of bismuth tellurides were calculated
from the EMF measurement results.
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Table III. Relative partial molar functions of bismuth in the alloys of the Bi-Te system at 298 K.

Phase area �DGBi (kJ mol21) �DHBi (kJ mol21) DSBi (J mol21 K21)

Bi4Te3-BiTe 15.069 ± 0.074 12.56 ± 0.31 8.40 ± 0.82
Bi2Te-Bi4Te3 11.889 ± 0.067 8.80 ± 0.28 10.37 ± 0.74
Bi7Te3-Bi2Te 8.515 ± 0.065 3.10 ± 0.27 18.16 ± 0.72

Table IV. Standard integral thermodynamic functions of bismuth tellurides at 298 K.

Compound �Df G
0ð298KÞ(kJ mol21) �Df H

0ð298KÞ(kJ mol21) Sº(298 K) (J mol21 K21)

Bi7Te3 150.1 ± 0.7 135.4 ± 2.1 594.2 ± 9.6
Bi2Te 47.2 ± 0.2 44.1 ± 0.6 173.1 ± 2.8

35.15 ± 2.640
Bi4Te3 117.7 ± 0.7 114.6 ± 1.2 385.2 ± 5.3
Bi8Te99 268.2 ± 1.5 286.8 ± 2.3 897.0 ± 12.0
BiTe49 34.2 ± 0.2 34.0 ± 0.3 106.7 ± 1.3
Bi4Te548 147.8 ± 0.8 149.2 ± 1.1 469.7 ± 6.2
Bi2Te348 76.9 ± 0.2 79.2 ± 0.5 254.2 ± 3.0
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